The invention is an active double-clad fiber comprising the following four layers: a high refractive index small diameter core; an inner annular clad layer doped with active ions Sur rounding the core; an outer annular clad layer Surrounding the inner clad layer; and an annular low refractive index outer coating layer Surrounding the outer clad layer. The structure of the fiber of the invention and the properties of the materials of its layers provides high discrimination against higher modes, thereby maintaining single mode operation in laser systems. The diameter of the core of the fiber of the invention is much smaller than the diameter of the large single trans verse mode that it guides, thereby allowing guiding and amplification to take place mainly in the inner doped clad layer. 0003. In the past decade fiber lasers have become exceed ingly widespread and are replacing bulk solid State lasers in diverse applications. The ability to efficiently absorb the pump light by use of double clad fibers, the high gain achieved by long interaction lengths, the favorable heat dis sipation configuration, the excellent beam quality dictated by the single mode waveguide, and the ease of alignment, all together make the fiber laser very attractive, combining high output power and excellent beam quality in a reliable and relatively low cost configuration. However, with high CW powers or high peak power pulses, where the intensity in the core is very high, deleterious nonlinear effects and material damage limit the fiber laser performance. 0004 Two main approaches have been developed to over come this problem. The more straightforward and common approach is using step index fibers with very Small refractive index difference An between the core and the cladding (often referred to as Large Mode Area (LMA) fibers). These fibers have large cores Supporting large transverse mode operation and thus the intensity in the core is reduced. Due to the inability to fabricate fibers with very small Anthis approach is currently limited to modes with less than 30 um mode field diameter. Furthermore, these fibers are not strictly single mode and coiling should be used to achieve truly single mode operation. layer Surrounding the outer clad layer. 0015 The structure of the fiber of the invention and the properties of the materials of its layers provides high dis crimination against higher modes, thereby maintaining single mode operation in laser systems. The diameter of the core of the fiber of the invention is much smaller than the diameter of the large single transverse mode that it guides, thereby allow ing guiding and amplification to take place mainly in the inner doped clad layer. 0016. In embodiments of the fiber of the invention the mode field diameter reaches at least 80 um with good modal discrimination.
0017. In embodiments of the fiber of the invention the core can be either doped with active ions or undoped with active 1O.S.
0018. In embodiments of the fiber of the invention the diameter of the core is between 2.5-5% of the diameter of the inner doped clad layer. 0019. In embodiments of the fiber of the invention the refractive indices of the inner and outer clad layers are less than the refractive index of the core and larger than the refrac tive index of outer coating layer. 0020. In embodiments of the fiber of the invention the refractive indices of the inner and outer clad layers are equal. 0021. In embodiments of the fiber of the invention the refractive index of the outer clad layer is slightly different than the refractive index of the inner clad layer such that the difference between the refractive indices is on the order of 1-2x10.
0022. Embodiments of the fiber of the invention comprise a fifth annular layer of rigid material Surrounding the outer coating layer. 0023 All the above and other characteristics and advan tages of the invention will be further understood through the following illustrative and non-limitative description of embodiments thereof, with reference to the appended draw 0034. It is to be noted that FIGS. 1A and 1B are not drawn to scale and that the radii of the different layers are not proportional to possible values of a fiber of the invention. 0035. Taking into accout the limitations of present day fabrication techniques, typical demensions for the various layers can be: ro-1-2 um; r. 40 um; and r 100-200 um. 0036. As in standard active double clad fibers, the clad ding guides the pump light, which is gradually absorbed by the active ions in the doped region. The core is intended for guiding the laser field, but in the case of the present invention it will be shown herein below that, because the radius of the core is so small relative to that of the doped part of the cladding, the field is not confined in the core but has a large overlap with the doped region of the cladding. In general, if a fiber is to be used for single mode high power laser amplifi cation it must have a large area single transverse mode (core guided), large overlap of this mode with the doped region, and
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high modal discrimination (low overlap of cladding modes with the doped region). All these requirements are fulfilled by the fiber of the invention.
0037. In order to show the viability of the invention a series of calculations that will now be described were carried out. In carrying out these calculations initially it is assumed that the real part of the refractive index of the doped region in the cladding is exactly equal to that of the undoped region in the cladding and at a later stage the effect of differences in the refractive indices is considered.
0038 If the imaginary part of the refractive index, corre sponding to gain in the doped region, is very Small compared to the real part of the refractive index (3 orders of magnitude in the case of the fiber of the invention), then the intensity distributions of the modes will not be significantly affected by the presence of the gain. In this case the eigenmodes may be Solved analytically without taking into account the presence of gain, and then the gain may be Super imposed, and overlap integrals calculated in order to obtain the overall effective gain per mode. To analytically solve for the eigenmodes of the fiber the fiber doping is at first neglected, treating the passive three layer fiber problem. Assuming radial symmetry and the standard weakly guiding approximation where ro is the core radius, and W is the wavelength). The refractive indexes of the two outer layers, na and n are 1.46 and 1.4 so as to create a multimode waveguide with pump Numerical Aperature NA=0.41. Nevertheless because of the high V number of this waveguide all the cladding modes will almost not be effected by NA of this waveguide. As is evident, the lowest order mode LP (solid line) is guided by the core and its amplitude practically vanishes only at r=100 um, far away from the cladding boundary. The LP mode diameter (D4O), defined according to four times the second order moment of the intensity distribution 5), is about 80 um (the mode area equals 5000 um). This mode diameter is significantly larger than obtained with standard LMA fibers. The second LP mode (dashed line) is the lowest symmetric mode that is guided by the cladding, however, because it is altered ("scattered) by the core, its overlap with the gain region is low. The LP, mode (dash-dot-dash line) is an example of a symmetric mode which has the largest overlap with the gain region after the LP mode (minimal modal discrimination). Notice that this mode is less altered by the Small core than the LP mode is small compared to the real part, and equal to C-2: 10 (where n-no-io, in the core; and n n+io. in the doped region of the cladding). This seems a reasonable maximum value because it corresponds to an intensity increase by a factor of 1000 (30 dB) in 30 cm of propagation, which is valid for all practical purposes (the intensity is I(Z)-loe, where Io is the initial intensity,
Z is the propagation distance, and is the wavelength). Under this assumption of Small C.'s the doping does not alter the modes, and it is possible to estimate the effective gain of each mode by calculating the overlap integral of the "passive" mode with the doped region: in FIG. 3B , the gain ratio dependence on the doping radius is similar for the different configurations with small noticeable differences only when r is smaller than 30 m. The inventors believe that in the case of a properly designed fiber laser oscillator or amplifier a discrimination of 4 is more than enough for achieving single mode operation. As seen, this corresponds to a doping radius of about 40 um. For comparison, according to the calculations of the inventors, the corresponding gain ratio in a commercial DC-200/70-PM-Yb-rod PCF fiber is less than 1.5. Neverthe less, if a gain ratio of 4 is not enough, narrowing the doping area can yield a ratio of up to 6. Narrowing of the doped region will increase the overlap between the basic mode central area and the gain region increasing the amplification efficiency, but will also decrease pump absorption which is important for short amplification rigidized configurations. 0044) Next, the fiber robustness is considered against tech nical limitations. In particular, the sensitivity to Small changes of the real part of the refractive index of the doped area (due to the active ion doping) was investigated. It is known that when silica fibers are doped with active ions the real part of the refractive index is changed by a small amount. This can be balanced in general in the fabrication process up to a value of An=+108). 004 . 5 FIG. 4 shows the minimal modal discrimination as a function of the difference in the refractive index between the doped and the undoped sections of clad, na na+An for fibers of different core radiuses all having r 40 um n=1. 4637.n, 1.46. As evident, with increasing An the modal discrimination decays rapidly, due to competition with inter mediate waveguide modes. For negative An the good modal discrimination is maintained up to some negative value. As seen the tolerance is about 10 for small cores and about 2-10 for bigger cores (see different curves in FIG. 4) , how ever the latter ones will have smaller mode field diameters. It can be seen that even in the presence of a small An in the doped region, good modal discrimination can be obtained. 0046 Finally, the loss of the lowest order core-guided mode is examined as a function on the macro radius of cur vature (ROC) of the fiber. The loss parameter, Y, was calcu lated from the formula of Marcuse 9. For large ROCs, the loss depends exponentially on the ROC. From the inventor's calculations it was found that for all fibergeometries that have a mode diameter of 80 um, a fiber ROC of about 50 m will result in (-0.4 dBM). This means that practically the fiber can not be coiled. Nevertheless, when holding the fiber straight (e.g. applying slight tension, or rigidizing the fiber) achieving ROCD-50 m is possible. For fiber configurations with a basic mode diameter of 120 um the radius of curvature needed for 1 y2 = -0.1 i is ROCD200 m which is harder to achieve. For fiber configu rations with a basic mode diameter of 14 um (e.g. a core radius of 1.2 Lum, and V-2), the loss is higher than (-0.4 dBM) for ROC smaller than 0.25 m. In this case coiling is achievable, however the mode area is significantly smaller. Therefore the choice of modes having 80 um diameter seems to be a good choice for a short single pass fiber amplifier, assuming the fiber is held straight or rigidized like rod-type PCFs. With this choice the mode area is very large compared to standard LMA fibers, and comparable with that of rod-type PCFs. One should also take into considerations the influences of microbending which cause great losses when the fiber is under tension 10, 11. The exact loss magnitude caused by the bending depends greatly on the manufacturing capabili ties of the particular fiber (smoothness of interfaces in pro duction, materials, thickness of the coating polymers etc.).
nevertheless the inventors note this as another motivation for rigidizing the fiber so as to reduce tensions caused by bend ing. In an embodiment the fiber of the invention can be rigidized by adding a relatively thick fifth annular layer of rigid material surrounding the outer coating layer 16. In embodiments of the fiber this layer can be made of glass and can have a thickness of 0.5 to 1 mm or even more.
0047. To conclude, the present invention presents a new approach for achieving very large mode area active double clad fibers with single mode operation based on a simple structure. When properly designed, these fibers have better performance than standard LMA fibers, with larger single mode area and higher modal discrimination. Compared to large air clad rod-type PCFs these fibers can have comparable mode areas, with better modal discrimination but with tre mendous advantages in system robustness due to the possi bility to operate in an "all-fiber configuration. (0.048 Although embodiments of the invention have been described by way of illustration, it will be understood that the invention may be carried out with many variations, modifi cations, and adaptations, without exceeding the scope of the claims.
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